Biphasic waveforms have been suggested as a superior waveform for ventricular defibrillation. To test this premise, a prospective raudomized intraoperative evaluation of defibrillation efficacy of monophasic and biphasic waveform pulses was performed in 22 survivors of out of hospital ventricular fibrillation who were undergoing cardiac surgery for implantation of an automatic defibrillator.
threshold with the monophasic pulse and 4 (18%) had equal defibrillation thresholds (within 1.0 J) regardless of waveform. The mean leading edge defibrillation threshold vollage was 317 + 105 V when the monophasic pulse was used and 267 + 102 V (16% less) when the biphasic pulse was used (p = 0.008). Mean leading edge defibrillation threshold current was 7.9 + 3.7 A when the monophasic pulse was used and 6.8 + 3.8 A (14% less) when the biphasic pulse was used (p = 0.051). There were no differences in system resistance with Lhe two waveforms: the leading edge resistance for the monophasic pulse was 45.3 f 17.5 and 44.1 f 14.4 a for the biphasic pulse (p = 0.183). The stored energy defibrillation threshold was 8.5 k 6.1 J when the monophasic pulse was used and 6.3 f 5.2 J (26% less) when the biphasic pulse was used (p = 0.028). These findings show that in the majority of patients, biphasic pulse defibrillation is more efficient than monophasic pulse defibrillation.
(.I Am Co11 Cardiol1989;14:728-33) accumulated to suggest that biphasic rectangular waveforms, at least of certain types, provided a higher margin of defibrillation efficacy compared with monophasic waveforms. Preliminary work in humans by Winkle et al. (8) suggested that biphasic pulses may decrease energy requirements for defibrillation by automatic antiarrhythmic devices. If biphasic pulsing is superior to monophasic pulsing, incorporation of this methodology into an automatic defibrillator might facilitate the development of smaller, more efficient devices. Therefore, to address the question of biphasic defibrillation efficacy in humans, we pursued a prospective randomized study in survivors of out of hospital ventricular fibrillation at the time of automatic defibrillator insertion, comparing the standard monophasic waveform pulse now used in implantable defibrillators with a biphasic waveform pulse of equal tilt. In addition, the study was designed such that the biphasic pulse chosen for evaluation could be generated from a single capacitor and easily imple- 
Methods
Study patients and data acquisition. After providing informed consent, 22 survivors of out of hospital ventricular fibrillation were studied intraoperatively during implantation of an automatic internal cardioverter-defibrillator to determine prospectively and randomly the effect of pulse waveform on defibrillation efficacy. The null hypothesis utilized for this study was that biphasic waveform pulses would have no advantage for defibrillation efficacy over monophasic pulses of equal tilt.
Defibrillation pulses were delivered with use of a two patch epicardial electrode system in 20 patients and a patch-superior vena cava coil electrode system in 2 patients undergoing generator replacement For those patients studied with a two patch electrode system, an anterior right ventricular epicardial patch electrode and a posterolateral left ventricular epicardial patch electrode were used. Ventricular fibrillation was initiated with 60 Hz alternating current. All defibrillation testing was performed during normothermia without cardiopulmonary bypass. Because of the effect of polarity on defibrillation efficacy, the left ventricular electrode was always in the anodal configuration for the monophasic pulse and the first phase of the biphasic pulse (9). The initial defibrillation pulse waveform was chosen randomly for each patient. During defibrillation pulsing, the voltage and current waveforms were monitored with use of two differential preamplifiers and a Tektronix 2230 digitizing oscilloscope, which, in combination with an IBM-AT computer, enabled on-line storage and analysis of waveforms.
Defibrillation protocol and data analysis. The first attempt at defibrillation, regardless of which waveform was tested, occurred 10 s after the onset of ventricular fibrillation. The external pulse generator used (Medtronic model 2394) had an internal capacitance of 120 PF and was capable of delivering 65% tilt, truncated exponential monophasic or biphasic waveform pulses. In the case of biphasic pulsing, the tilt of both the initially positive and subsequently negative phase of the biphasic pulse was 65%. In addition, the leading voltage of the negative phase equaled the trailing voltage of the positive phase (Fig. 1) . Because of limitations in switch technology, the negative phase started 0.2 ms after termination of the positive phase. The asymmetric biphasic waveform chosen for study simulated the output available from a circuit in which the voltage could be switched from the positive to the negative phase by an automatic implantable defibrillator containing only one capacitor.
Defibrillation eficacy, irrespective of waveform configuration, was determined by beginning the defibrillation protocol with a voltage setting on the pulse generator intended to result in approximately a 10 J stored energy pulse (that is, 410 V) (actual stored energy values were calculated as described in the next paragraph). If the initial 10 J pulse was unsuccessful. a rescue pulse was delivered quickly to restore normal sinus rhythm. Pulse amplitude then was increased by 5 to 1.5 J for the next ventricular fibrillation episode. If the initial 10 J pulse was successful, pulse amplitude was decreased by 2.5 to 7.5 J. Adjustments in pulse amplitude were made in 5 J increments between stored energy settings of 10 to 40 J and in 2.5 J increments between stored energy settings of 2.5 to 10 J. If 2.5 J was successful, one final pulse was delivered at 1.0 J, the lowest energy available on the pulse generator. Table   I , pulse generator resistance had to be considered to accurately determine capacitor voltage (IO). The following four equations were used to determine stored energy: where the value of the energy (E,) stored on a capacitor is half the product of the capacitance (C) and the square of the voltage across the capacitor (V,) (equation 1). In this case, the capacitor voltage is equal to the sum of the load voltage across the defibrillation electrode (V,) and the voltage across the internal resistance of the pulse generator (Vi) (equation 2). If the value of the internal resistance (Ri) is known, the voltage drop across the internal resistance can be calculated (equation 3). Because V, rather than V, was being measured, the voltage decrease (Vi) across the internal resistance (Ri) had to be taken into account when calculating the stored energy (equation 4). The values for V, and I, in the equation for stored energy are the leading edge values of the load voltage and current waveforms. The internal resistance of the pulse generator was approximately 5 a and the capacitance was 120 pF. Knowledge of these factors allowed for calculation of stored energy values of each defibrillation pulse.
When calculating the stored energy values given in
fibrillation. After the defibrillation threshold was determined with the initial monophasic or biphasic waveform, the defibrillation threshold was compared with that determined with the alternate waveform so that each patient served as his or her own control. Although it is recognized that defibrillation is to a degree a statistical phenomenon, the definition of defibrillation threshold chosen for this study adjusts to the clinical realities and limitations of the repetitive induction of ventricular fibrillation in patients. A strength-efficacy curve would be preferred, but it would require large numbers of fibrillationdefibrillation episodes to acquire, which is clinically unrealistic. Therefore, we relied on the statistical method of the two-tailed t test to accommodate for the inherent limitations of the "defibrillation threshold."
Results

Statistical considerations. Statistical analysis of the data
Clinical and defibrillation characteristics ( Table 2) . Of the was performed with use of paired Student's t tests to 22 patients studied, 16 were male and 6 were female; their compare the efficacy of the two waveforms with respect to mean age was 57 ? 13 years. Twelve patients principally had leading edge voltage, leading edge current, resistance and coronary artery disease, six principally had idiopathic carstored energy at defibrillation threshold values. The defibrildiomyopathy, one had primary electrical disease, one had lation threshold was defined as the lowest stored energy that long QT syndrome and two had a combination of coronary could successfully terminate ventricular fibrillation with only disease and cardiomyopathy. The mean ejection fraction one discharge delivered 10 s after the initiation of ventricular was 0.39 * 0.18. Amiodarone had been administered over a long term up to the time of defibrillation testing in four; disopyramide had been given to one of these patients. Total pulse duration for monophasic pulses was 6.2 f 1.8 s. Pulse duration was 6.1 k 1.6 ms for the initial positive phase of the biphasic pulse and 5.9 * 1.6 s for the negative phase of the biphasic pulse. In 19 of the 22 patients, defibrillation was performed with use of two large CPI defibrillation electrodes (one over the anterior right ventricle and one over the posterolateral left ventricle). One patient underwent defibrillation with two small CPI defibrillation electrodes and two patients with a superior vena cava-left ventricular small patch electrode system. Defibrillation threshold data ( Table 2) . Fifteen (68%) of the 22 patients had a lower defibrillation threshold (> I .O J) with the biphasic pulse. Three patients (14%) had a lower defibrillation threshold with the monophasic pulse and four (18%) had equal defibrillation thresholds (within 1.0 J) regardless of waveform. The mean leading edge defibrillation threshold voltage was 317 k 105 V when the monophasic pulse was used and 267 * 102 V (a 16% decrease) when the biphasic pulse was used (p = 0.008) (Fig. 2) .
Mean leading edge defibrillation threshold current was 7.9 + 3.7 A when the monophasic pulse was used and 6.8 ? 3.8 A (14% less) when the biphasic pulse was used (p = 0.051). There were no differences in system resistances with the two waveforms. The leading edge resistance was 45.3 2 17.5 II for the monophasic pulse and 44.1 + 14.4 n for the biphasic pulse (p = 0.183). The stored energy defibrillation threshold was 8.5 ? 6.1 J when the monophasic pulse was used and 6.3 2 5.2 J (a 26% decrease) when the biphasic pulse was used (p = 0.028) (Fig. 3) .
Discussion
Clinical implications aud technologic considerations. Our findings show a 26% decrease in the amount of energy needed for implantable defibrillators if biphasic pulses rather than monophasic pulses are used for defibrillation. This is consistent with recent animal and human investigations (8,11,12) of biphasic pulses on defibrillation efficacy, even though the waveforms used in our study are different in shape. Although many of the recent animal studies investigating biphasic waveforms have used rectangular pulses rather than truncated exponential waveforms, use of rectangular waveforms in implantable defibrillators is impractical at this time. The capacitance necessary to deliver a rectangular pulse is prohibitive given limitations on capacitor size. Therefore, with currently available capacitors. it is more practical to use truncated pulses.
We chose a 65% tilt, 120 pF, biphasic truncated exponential waveform to keep our investigation referrable to the monophasic pulsing techniques already in use with the automatic implantable cardioverter-defibrillator (AICD by CPI). In addition, we maintained constant waveform tilt for the monophasic pulse as well as for both phases of the biphasic pulse to control for the effect of patient to patient variability in tissue resistance on defibrillation efficacy. Also, the waveform tilt chosen for this study (65%) is based on previous animal data (13) showing that optimal tilt is a compromise between improved defibrillation efficacy and post-shock myocardial dysfunction at low tilts. Finally, we tried to use a biphasic pulse that could be generated by a single capacitor. The need for two capacitors can be circumvented if the characteristics of the biphasic waveform are properly delineated. Thus, a biphasic waveform should not significantly alter device size if the pulse is created by truncating the positive phase, reversing the output polarity and delivering the remaining charge on the capacitor as the negative phase of the pulse.
Explanations for biphasic waveform superiority. There is no clear explanation why defibrillation with biphasic pulsing generally proves superior to defibrillation with monophasic pulsing. However, insight into the general effect of biphasic pulses on cardiac mechanical function has been provided by . They have shown that biphasic waveforms with modest degrees of undershoot cause less postshock mechanical myocardial dysfunction than monophasic pulses. Their observations are derived from a model of cultured chick embryo layered myocardial ceils in which electric shocks were shown to produce transient microlesions in the sarcolemma. possibly as a consequence of membrane compression by the electric field. The size of the microlesions and the fraction of the membrane surface over which they occur increase with shock intensity. During and after the shock, an indiscriminate ionic exchange occurs through the microlesions, which results in membrane depolarization and low resting membrane potentials (17). If, however, a small reverse polarity component is added to the biphasic pulse, postulated that the phospholipids of the sarcolemma are reoriented, thereby decreasing the magnitude and duration of microlesion formation and, thus, membrane depolarization. Although these experiments satisfactorily account for the mechanical dysfunction seen after a shock, the relation between enhanced sarcolemmal microlesion closure and enhanced defibrillation efficacy with biphasic pulses is unclear.
One possible mechanism to explain why biphasic pulse dejibrillation may be superior to monophasic pulse defibrillation is break exckztion. In intracellular recordings from cells that are proximal to an extracellular stimulating electrode during monophasic stimulation, the cells closest to the cathode become depolarized and those underneath the anode become hyperpolarized (1X,19). Because excitation is normally associated with a reduction in the transmembrane potential, excitation would not be expected to occur in the cells that are hyperpolarized. However, it might be possible to explain excitation in hyperpolarized tissue by considering the phenomenon of break excitation (that is, excitation elicited at the "break" or at the end of the stimulus). This phenomenon has been observed most frequently in nerve fibers subjected to high extracellular potassium. The first explanation for this phenomenon was given by Hill (20) and subsequently by Hodgkin and Huxley (21, 22) , who observed that break excitation was facilitated not only in a high extracellular potassium milieu, but also in cells with low resting transmembrane potentials. In the fibrillating heart, both high extracellular potassium and low transmembrane potentials are present, thereby providing the optimal environment for break excitation to occur in the hyperpolarized tissue underneath the anode (22, 23) . In contrast, with monophasic pulses, excitation of the hyperpolarized tissue underneath the anode may be less likely to occur.
An alternative explanation to break excitation for the improved de$brillation eficacy with biphasic pulsing may be associated with the two pulses contained in a "single" biphasic pulse. During the positive phase of the biphasic pulse, excitation or defibrillation may occur more easily in the tissue underneath the anode (10). With the onset of the second phase of the pulse, the tissue that had been under the cathode is then under the anode. Consequently, during the second phase of the pulse, this tissue under the "new" anode (that is, the old cathode) may now undergo excitation. Thus, this use of two pulses and, in effect, two anodes may facilitate depolarization of more tissue than is possible with a monophasic pulse of equal leading edge voltage.
Conclusions. Whatever the mechanism by which biphasic pulsing facilitates defibrillation, the difference in voltage and energy requirements for defibrillation is sufficient to warrant inclusion of this waveform in future generation automatic defibrillators. Together with other pulsing methods, biphasic pulsing should help decrease device size and improve defibrillation efficiency.
